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Excitation and propagation dynamics of spin waves in an iron-based garnet film under out-of-
plane magnetic field were investigated by time-resolved magneto-optical imaging. The experimental
results and the following data analysis by phase-resolved spin-wave tomography reveal the excitation
of spin waves triggered by photo-induced demagnetization (PID) along the sample depth direction.
Moreover, the fast relaxation of PID accompanied by the spin transfer due to spin-wave emission
was observed. Possible scenarios of PID in the garnet film are discussed. Finally, we develop a
model for the spin-wave excitation triggered by PID and explain the magnetic-field dependence in
the amplitude of the observed spin waves.
Spin waves are the excited states in magnetic materi-
als accompanied by the collective precessional motion of
magnetization (M). Nowadays, a number of new ideas
for devices using spin waves like logic gates [1–4], im-
age analysis [5], and reservoir computing for machine
learning [6] have been suggested and have attracted great
interests due to their practical applications working at
room temperature. In order to realize these devices, the
excitation, manipulation, and detection of spin waves are
crucial.
Recently, phase-resolved observation of the excitation
and propagation dynamics of spin waves in a garnet
film has been realized by time-resolved magneto-optical
(TRMO) imaging [7–10]. Spin waves were triggered by
illuminating the sample with intense pulsed light. The
use of ultrashort-pulsed light allows instantaneous, non-
contact, non-destructive, and non-invasive excitation and
observation of spin waves with a sub-pico second time
resolution and a micrometer spatial resolution [11]. The
Faraday effect, which rotates the polarization angle of
light with an angle proportional to the magnetization
along the light propagation direction [12], was used to
measure the photo-induced change in M by spin waves.
By analyzing the propagation dynamics of spin waves
with a model based on the linear response theory and
the Fourier transformation, the dispersion relation of spin
waves is reconstructed with their phase information. This
new method is named phase-resolved spin-wave tomogra-
phy (PSWaT) [8–10]. Through the detailed investigation
by PSWaT, we found that the spin waves were excited
through various mechanisms depending on the magneti-
zation configuration [7–10, 13].
In the configuration where our sample has in-plane
M , spin waves are mainly excited through two processes
[7–10]. One is the magneto-elastic coupling (MEC)
caused by the optically-excited elastic waves [10] while
another is attributed to the photo-induced demagnetiza-
tion (PID) [7]. Spin waves generated by these two pro-
cesses show very different features in time and space. The
detailed study about spin waves generated by MEC has
been reported in the previous studies [7, 8, 10].
In this study, we focus on spin waves generated by
PID. The excitation and propagation dynamics of spin
waves were observed by TRMO imaging under out-of-
plane magnetic fields. In the experimental data, we di-
rectly observe the photo-induced change in M by PID
and its recovery, attributed to the spatial propagation
of spin-angular momenta due to spin-wave emission. Fi-
nally, we develop a theoretical model about the spin-wave
excitation by PID and explain the magnetic-field depen-
dence of the amplitude of the observed spin waves.
METHOD
The excitation, propagation, and relaxation dynam-
ics of optically-excited spin waves were observed with
TRMO imaging method. The experimental configura-
tion and the coordinates (x, y, z) used in this study are
schematically drawn in Fig. 1. The magnetization vector
is denoted by M = (Mx,My,Mz). The wavevector of the
spin wave is denoted as k. The angle between k and the
x axis, which is parallel to the in-plane component of M ,
is defined as φk.
We used a 4-µm thick Lu2.3Bi0.7Fe4.2Ga0.8O12
(Bi:LuIG) film grown on a Gd3Ga5O12(001) substrate.
In the absence of the external magnetic field, the Bi:LuIG
layer has an in-plane magnetization of 62 kA/m, mea-
sured using a vibrating sample magnetometer. When
exposed to a perpendicular applied magnetic field, the
vector, M , is locally tilted out of plane by an angle that
increases with the local field magnitude [14], as is ob-
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FIG. 1. Schematic illustration of the experimental configura-
tion and the coordinates. We employ rectangular coordinates
(x, y, z). The sample surface is in the x-y plane, while the sur-
face normal is along the z axis. The sample has an in-plane
magnetization (M) in the absence of the external magnetic
field (Hext), while applying an out-of-plane Hext along the z
axis controls the orientation of M in the x-z plane. The angle
between M and the z axis is defined as φM. The pump pulse
is focused on the sample surface at the origin of the coordi-
nate. The wavevector of the spin wave is denoted as k. The
angle between k and the x axis is defined as φk. The inset
shows the Faraday rotation angle (θF) as a function of Hext.
served in the static Faraday rotation signal (θF) shown
by the circles in the inset of Fig. 1. We find that θF is pro-
portional to the intensity of the external magnetic field
(Hext) in the low magnetic field region while is saturated
when Hext is larger than 95 kA/m.
As a light source, we used a pulsed laser with 800-
nanometer center wavelength, 100-femtosecond time du-
ration, and 1-kilohertz repetition frequency. The ob-
tained beam was divided to pump and probe beams. The
center wavelength of the probe beam was changed with
an optical parametric amplifier to 630 nm, where the
sample shows a large Faraday rotation angle (5.2◦) and a
high transmissivity (41 %) [15, 16]. The pump beam was
circularly polarized and then tightly focused on the sam-
ple surface with a radius of approximately 1 µm. The
pump fluence is estimated to be 480 mJ cm−2. The
probe beam was linearly-polarized with a Gran Taylor
polarizer and then weakly focused on the sample sur-
face with a radius of roughly 1 mm. The fluence of the
probe beam is almost a hundred times weaker than that
of the pump beam. Optically-excited spin waves were ob-
served through the Faraday effect representing the mag-
netization component along the sample depth direction
[mz(r, t)] by TRMO imaging based on a pump-and-probe
technique and a rotating analyzer method using a CCD
camera [11]. The spatial resolution of the obtained im-
ages is approximately one micrometer, determined by the
diffraction limit of the probe beam. The time delay be-
tween the pump and the probe pulses was scanned from
-1 ns to 13 ns with the intervals of 0.1 ns. The detail
of the experimental setup is referred to Ref. 11. All the
experiments were performed at room temperature.
RESULTS
Excitation and propagation dynamics of spin waves
under out-of-plane magnetic field
Let us first demonstrate the data obtained with TRMO
imaging. Our system gives the images of the rotation
angle of the polarization plane [Figs. 2 (a) and (b)] and
the intensity [Fig. 2 (c)] of the transmitted light, simul-
taneously. The image of the rotation angle reflects the
sample magnetization through the Faraday effect, while
the image of light intensity represents the non-magnetic
profile of the sample like the electron distribution and
lattice heating. These interpretations are supported by
their different dependences in time, space, and magnetic
field. We also show the temporal change in the signal at
the center of the excitation spot in Figs. 2(d) and 2(e).
Figures 2(a) and 2(b) show the images of the polar-
ization angle obtained under the magnetic fields of 120
kA/m and 80 kA/m, respectively. In these images, we
see propagating waves showing strong magnetic field de-
pendence. These are attributed to spin waves through
the detailed investigation by PSWaT as shown later.
Spin waves transfer spin angular momenta. Therefore,
the change inM , accompanied by the spin-wave emission,
is understood by the conservation of the spin-angular mo-
mentum. This is seen in Fig. 2(d). Under 1.5 kOe, where
the spin-wave emission is almost absent, the signal lasts
longer than 10 nanoseconds. On the other hand, under
1.0 kOe where the strong-spin wave were observed, the
signal relaxes in several nanoseconds. This relaxation,
showing strong Hext dependence, is attributed to the re-
covery of M by the spatial propagation of spin-angular
momenta due to the spin-wave emission.
The images of light intensity show very different fea-
tures from those observed in the images of polarization
angle. The signals appear only around the focus of the
pump beam and are independent of the external magnetic
field, implying their non-magnetic origin. The temporal
change in the signal at the center of the excitation spot
[Fig. 2(b)] shows mainly two processes. One includes ex-
ponential decay of sub-nano seconds while another shows
signal lasting longer than 10 nanoseconds. It would be
natural to attribute the faster process to the recombi-
nation of photoelectrons and photoholes and the slower
process to the heating of lattice temperature due to the
non-radiative recombination of photoelectrons and pho-
toholes.
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FIG. 2. (a, b) TRMO images obtained at the time-delay between pump and probe pulses from 0 ns to 8 ns with the intervals
of 2 ns. The color reflects the photo-induced change in the rotation angle of the polarization plane, proportional to Mz through
the Faraday effect. The external magnetic fields of (a) 120 kA/m and (b) 80 kA/m were applied along the sample normal to
control the orientation of magnetization as schematically drawn in each figure. (c) The images of photo-induced change in the
intensity of the transmitted light obtained at the time-delay between pump and probe pulses from 0 ns to 8 ns with the interval
of 2 ns. (d, e) The time traces of photo-induced change in the (d) rotation angle of the light polarization and (e) intensity
of the transmitted light at the center of the pump pulse excitation. The red and blue lines are the data obtained under the
external magnetic field of 120 kA/m and 80 kA/m, respectively.
Phase-resolved spin-wave tomography
The observed spin waves were analyzed by PSWaT. We
write the PSWaT spectra, which characterizes spin waves
by their spatial symmetry [9], as Mpqr; The subscript p,
q, and r reflect the symmetry along x, y, and time axes,
respectively. Even and odd symmetries are denoted by
e and o, respectively. We also introduce the PSWaT
spectra Mpq, given by
√
M2pqe +M
2
pqo, to discuss the
amplitudes of the spin waves decomposed by their spatial
symmetries. The detailed definition of PSWaT spectra
is described in Ref. 9.
Figure 3 shows Mee component of the PSWaT spectra
along the φk = 45
◦ direction. The external magnetic
fields of 0 kA/m, 40 kA/m, and 80 kA/m were applied
along the sample depth direction. The angle of M from
the surface normal, estimated from the static Faraday
rotation angle, is denoted in each figure. In the PSWaT
spectra, spin-wave dispersions are clearly observed. The
peak frequency is about 1.2 GHz at zero wavenumber
(k) and increases with increasing k. Above k ∼ 1 ×
104 rad/cm, the increase in the frequency of the peak
position saturates. These are the characteristics of the
dispersion relation of spin waves in the low k region, so-
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FIG. 3. (a) The magnetic field dependence of the Mee com-
ponents of the PSWaT spectra along the direction of φk =
45 degree. The magnetic fields of 80 kA/m, 40 kA/m, and
0 kA/m are applied along the sample depth direction. The
angle of M from the surface normal is denoted in each figure.
(b) The relation between δm and φH calculated with Eq. 8.
called the magnetostatic regime. We see the spin-wave
dispersion in the wide k region. This fact excludes the
magnetoelastic coupling, which resonantly excites spin
waves at the crossing of the dispersion relations of spin
and elastic waves, from the excitation mechanism of the
spin waves. The amplitudes of spin waves increase with
Hext. As shown in Fig. 3(b), this trend is well explained
by the model considering PID, of which detail will be
discussed later.
In order to reveal the excitation mechanism of the ob-
served spin waves, TRMO images just after the excitation
by the pump pulse are shown in Fig. 4(a). In the images,
we see instantaneous change, in the time scale shorter
than picosecond, triggered by the pump pulse. In the
time trace shown in Fig. 4(b), we find mainly two compo-
nents. One appears only around the time delay of 0 and
is independent on Hext, implying its non-magnetic origin.
Another, denoted θM in the following, appears around 0
and lasts longer than picoseconds. The intensity of θM
shows strong Hext dependence as shown in Fig. 4(c) by
the blue squares and is proportional to the static Faraday
rotation, reflecting Mz. Through the hysteresis-loop ex-
periments of θF, we confirmed the sign of the signal indi-
cates decrease in M . Therefore, we attribute the change
in the polarization angle seen in Fig. 4(a) to the instata-
neous photo-induced decrease in M . This phenomenan is
also referred as ultrafast demagnetization (UFD) [17–25].
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FIG. 4. (a) TRMO images obtained at various time delays
between pump and probe pulses, shown at top of each figure,
and the external magnetic fields of -120 kA/m, 0.0 kA/m, and
+120 kA/m applied along the direction normal to the sample
surface. The color represents the photo-induced change in the
rotation angle of the polarization plane, reflecting Mz through
the Faraday effect. (b) The time traces of the MO signals at
the center of the pump pulse excitation. The red, green, and
blue lines are the data obtained under the external magnetic
fields of -120 kA/m, 0.0 kA/m, and +120 kA/m, respectively.
To improve the signal-to-noise ratio, the average of the signals
in the radius of 0.1 µm from the center of the excitation spot
was calculated. The dotted line is the fitting result of the
data to exclude the magnetic field dependence of θM, shown
in (c). (c) The magnetic field dependences of θF (red circles)
and θM (blue squares).
Mechanism of photo-induced demagnetization
After the first observation of UFD in a Ni film [17],
UFD has been observed in various magnetic materi-
als including ferromagnetic metals, such as Ni [17–
19, 21, 22, 25], Co [20], and metallic compounds [23],
ferromagnetic semiconductor InMnAs [24], but not in
magnetic insulators. Extensive efforts have been de-
voted to reveal the detailed mechanism of UFD theoret-
ically [26, 27] and by numerical simulations [28] . How-
ever, its understanding has been still under debate. The
difficulty is mainly due to the impulsive nature of UFD,
which limits available tools for the investigation. In the
following, we discuss the possible origin of UFD suggested
by the data shown in the present study.
In the previous studies, the mechanism of UFD has
been discussed by three temperature model [17, 25]. The
5temperature of spin, lattice, and electron systems are de-
fined independently. The energy transfer between each
system is treated as the change in their temperatures.
In this model, PID is treated as the increase of the spin
temperature. Therefore, the key issue is how the spin
temperature is heated up by the pump beam. In the
following, we consider the three possible scenarios con-
sidering spin-lattice coupling, opto-magnetic effects, and
the spin-dependent charge-transfer transition accompa-
nied by spin relaxation of photoholes.
Let us first consider the heating of the spin system
through the spin-lattice coupling. The optical-excitation
of the sample creates photoelectrons and photoholes and
then heats up the lattice temperature due to their non-
radiative recombination. The energy transfer from lattice
to spin system through the spin-orbit coupling results in
the heating of the spin system, and thus can be the origin
of PID. However, this is the reverse process of the spin
relaxation through the spin-lattice coupling. The long-
living spin waves lasting longer than 10 ns convince us
the very weak spin-lattice coupling in the present case of
the iron garnets so that this scenario is safely excluded
in our case.
Second, we also exclude the direct excitation of the
spin system by opto-magnetic effect [29], which transfers
the spin-angular momenta of circularly-polarized light to
the spin system. This is convinced because the sign of
the observed spin waves is independent of the helicity of
the pump beam.
Finally, we consider the spin-dependent photo-induced
charge-transfer transition (CTT) accompanied by the
transfer of the spin-angular momenta from spin system to
lattice via the spin relaxation of photoholes. The photo-
induced change in M by PID is proportional to the in-
tensity of the pump beam, indicating the contribution of
the linear absorption. In the visible wavelength regime,
iron garnets show large absorption attributed to CTT
between 2d states of oxide ions and 3d states of iron
ions [12]. Although the resonance frequency of this tran-
sition (∼3 eV) is roughly twice the photon energy of the
pump beam used in this study (∼1.5 eV), this process is
not negligible because of the broad absorption spectrum
of this transition [16]. Since M of the iron garnet film is
originated from the 3d states of the iron ion, CTT related
to 3d states of iron ions can change M .
In this process, the recombination of the photoelec-
trons and photoholes, which occur in the time scale
shorter than nanoseconds in general [30], relaxes the in-
duced change in M . Then, the time scale of this pro-
cess cannot explain the long-living change in M shown in
Fig. 2(d). Therefore, we consider the transfer of the spin-
angular momenta from M to lattice through the spin re-
laxation of photoholes in oxide ions. If the spin relaxation
time of photohole is faster than the recombination time
of photoelectrons and photoholes, photoholes recombine
with 3d electrons of iron ions with up or down spins. This
breaks the spin orientation of the 3d states of iron ions
and thus can be the mechanism of PID.
In this scenario, the spin relaxation of photoholes in
oxide ions is crucial. The spin-relaxation time of photo-
holes can be shortened by the enhancement of spin-orbit
coupling by Bi ions doped to increase the magneto-optical
activity. Therefore, the systematic investigation of PID
as a function of the Bi composition is highly expected.
However, the sample preparation of iron-garnet films
with different Bi compositions is very difficult. More-
over, the change in the dopant composition also change
the magneto-optical activity and the magnetic properties
of the sample. Therefore, the use of other methods like
X-ray Magnetic Circular Dichroism method, which real-
izes the element specific observation of electron and spin
dynamics [31, 32], and first-principle calculation [33] will
be very important as the case of the studies about UFD
in ferromagnetic metals.
Modeling
As shown in Fig. 3(a), the amplitudes of the observed
spin waves strongly depend on the external magnetic
field, applied to change the orientation of M . The ob-
served trend is well explained, as shown in Fig. 3(b), with
a model considering PID shown below.
Let us consider the free-energy density of the magnetic
system [34] given by
G = −µ0Hext ·m+Bdm2z +Bu(m · u)2 − µ0Hex ·m,
(1)
where m is the unit vector m = M/Ms = (mx, my,
mz), where Ms is the saturation magnetization. The
terms in the right-hand side reflect Zeeman coupling,
shape anisotropy (Bd), magnetocrystalline anisotropy
(Bu), and exchange coupling (Hex), respectively. We
applied a magnetic field along the sample depth direc-
tion so that Hext = Hextz. Since the present sample
has an uniaxial magnetic anisotropy (Ku/Ms = -39 mT)
much larger than the cubic magnetic anisotropy (Kc/Ms
= 7.5 mT), we disregard Kc for simplicity. For a sin-
gle domain structure, the exchange coupling is negligible.
Then, Eq. (1) is simplified to
G = −µ0Hextmz + (Bd +Bu)m2z . (2)
Defining the angle between the magnetization and the
z-axis as φM (mz = cosφM), Bd = µ0Ms/2, and Bu =
µ0Hu/2, we write
G = −µ0Hext cosφM + (Bd +Bu) cos2 φM. (3)
Then, the angle of magnetization at equilibrium
(∂G/∂φM = 0) is
6φM =

0 HextMs+Hu > 1 (4a)
cos−1
(
Hext
Ms +Hu
)
| HextMs+Hu | ≤ 1 (4b)
pi HextMs+Hu < −1. (4c)
The Hext dependence of θF [∝ cosφM(Hext)] is well ex-
plained by Eqs. (4a)-(4c) with the parameters obtained
in Ref. [7] and the saturation Faraday rotation angle of
5.1◦.
The optical excitation of spin waves has been discussed
in terms of the photo-induced change in the effective mag-
netic field Heff . We denote the angle between Heff and
the z axis as φH. The direction between M and Heff
is parallel at equilibrium (φM = φH), while the photo-
induced change in |M| can change φH. Then, magneti-
zation feels torque, −γM × Heff , and starts to precess
about Heff . φH after the pump pulse illumination may
be calculated by replacing Ms by M
′(r, t)(= |M(r, t)| =
Ms + δM(r, t)) as
φH(r, t) = cos
−1
(
Hext
Ms + δM(r, t) +Hu
)
. (5)
This model is justified in the duration much shorter than
the damping of the precessional motion of the magnetiza-
tion. Here, we assume the dominant contribution in the
denominator component of Eq. (5) by the photo-induced
change in Ms since Ms (78 mT) is twice as great as the
intensity of Hu (-39 mT). The exchange coupling caused
by the gradient of magnetization by PID is disregarded
because of the large radius of the pump focus (∼ 1µm)
and the small change in the magnetization (< 10%), re-
sulting in the small gradient of magnetization. Then, the
photo-induced change in φH(r, t) is given by
δφH(r, t) =
∂φM(r, t)
∂M
δM(r, t) (6)
=
cotφM(r, t)
Ms +Hu
δM(r, t). (7)
This equation is applicable when δφH  φM. In our ex-
periments, spin waves are observed through the Faraday
effect, reflecting Mz, so that the observed precession am-
plitude of the magnetization in the spin wave (δmz) for
0◦ < φM ≤ 90◦ is
δmz ≈ 2M ′δφH sinφM ∝ cosφM, (8)
which is plotted in Fig. 3(b). The result indicates that
the amplitude of spin waves is zero for φM = 90
◦, and
it increases as φM decreases from 90
◦. These features
show good agreement with the experimental data shown
in Fig. 3(a). When Hext = 120 kA/m is applied (data
not shown), spin waves are not excited because the sam-
ple magnetization is fixed along the surface normal since
|Hext/(Ms +Hu)| is larger than unity [see Eq. (4)]. For a
field strong enough to satisfy the condition, the direction
of the magnetization is always along the z direction even
after the saturation magnetization changes, and conse-
quently there will be no torque acting on the magnetiza-
tion.
SUMMARY
The excitation and propagation dynamics of spin
waves generated by photo-induced demagnetization
(PID) in an iron garnet film was investigated by time-
resolved magneto-optical imaging. The generation of
spin waves by PID was convinced through the system-
atic experiments under the out-of-plane external mag-
netic field. We observed the fast recovery of PID and
attributed it to the spin angular momentum transfer due
to the spin-wave emission. A model for the spin-wave
emission by PID was developed and explains the mag-
netic field dependence of the amplitude of spin waves
observed by our experiments.
Rare-earth iron garnet has widely been used in spin-
tronics and magnonics devices due to its very small mag-
netic damping and long spin relaxation time. Slow mag-
netic relaxation is accompanied by slow magnetic re-
sponse, which limits the operation frequencies of spin-
wave devices. The instantaneous manipulation of mag-
netization suggested in the preset study could overcome
this limitation and may lead to applications working for
future fast spintronics and magnonic devices.
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